This paper assesses ground-penetrating radar (GPR) moveout survey performance in different near-surface geological stratigraphy and different antenna orientations using two-dimensional (2D) finite difference time domain (FDTD) numerical simulations of field data. We first treat the simple cases of radar pulses propagating along (a) the interface between two half-spaces (air/ice); and (b) an ice thinlayer wave-guide (air/ice/water) between two half-spaces. We then simulate four more complex cases combining two radiation polarizations (TM and TE), and two geological settings: a sandy/gravelly halfspace overlain by a silty/clayey layer, and a silty/clayey half-space overlain by a sandy/gravelly layer. Both cases are represented through different dielectric constants. The results show that, first, more EM energy is radiated as an air wave for the TM mode, and more EM energy will be sent into the ground when the TE mode is used, regardless of stratigraphic sequence. Second, where a gravelly sandy halfspace overlain by a silty/clayey layer, more EM energy will be trapped in the silty/clayey layer as the guided ground wave. Third, when the TE mode is used there is much less air radiation for the case of silt overlying gravel than that of silty/clayey half-space overlain by a gravel/sand layer. Fourth, for the stratigraphic sequence of a sandy/gravelly half-space overlain by a silty/clayey layer, the TE mode fundamentally contains only a ground wave, and the TM mode essentially contains only air wave energy. This implies that for this case a far more complete separation of the air wave and the ground wave can be reached. Fifth, dispersion of phase and group velocities of the guided ground wave will be well developed for the TE mode. These simulations imply that antenna polarization mode is an important factor when using moveout surveys to study subsurface electromagnetic properties.
Introduction
The electromagnetic properties of the uppermost 5-10 meters of the solid earth play the most important role when probing the earth with the electromagnetic devices like ground penetrating radar (GPR). For many cases, the nearsurface environment can be idealized as a thin dielectric layer overlaying a half-space with different electromagnetic properties. The system of asphalt pavement and the underlying sub-base makes a perfect example in the geotechnical world (Saarenketo, 1997; Saarenketo and Scullion, 2000 ). An ice sheet or soil layer forms other examples (Arcone, 1984; Arcone et al., 2003) . Though the thickness scale of these examples appears to be quite different, for electromagnetic sounding purposes, they all can be viewed as a wave-guide for electromagnetic probing at suitable, corresponding frequency ranges. When performing varying-offset moveout GPR surveys of such strata, highly dispersive guided-wave propagation can result, making analysis of the electromagnetic structure of the earth difficult. Here we examine the nature of this propagation with theoretical simulations, which are powerful and economical alternatives to field experiments, especially for environments in which real data acquisition is prohibited or too expensive. Moreover, numerical simulation assists designing of data acquisition geometry and procedures to make observations more effective and productive, and allows many stratigraphic combinations to be tested. Annan (1973) systematically summarized the mathematical development in electromagnetic interferometry in a near-surface environment. He used complex integrals (e.g., Brekhovskikh, 1960) and normal mode analysis (e.g., Budden, 1961) . Existing laboratory and field observations (e.g., Rossiter et al., 1973; Annan et al., 1975; Arcone, 1984; Arcone et al., 1998) indicate that the ground wave can be manifested by modal propagation over several tens of meters at lower frequencies (100 MHz or less) when wide angle offset soundings are performed to measure ground wave speeds. Nevertheless, small scale, natural near-surface layering can severely limit this path, as we will see here.
This paper investigates the wave-guide effects of a surface layer on electromagnetic wave propagation using the finite difference time domain (FDTD) simulation technique. We first present FDTD simulation results for half-space cases to demonstrate the physical fidelity of FDTD numerical simulation. Then we treat the modal propagation case of a thin layer of ice between two halfspaces (air, and water). Finally, the results of electromagnetic wave propagation in TE and TM modes at pulse central frequencies of 400 and 65 MHz are discussed. We simulated field data acquired from Fort Richardson, Alaska (AK) (a lower dielectric constant sandy gravel half-space overlain by a higher dielectric constant sandy silt layer), and Hanover, New Hampshire (NH) (a sandy silt half-space overlain by sandy gravel layer). The field data and synthetic results were analyzed with time-frequency analysis with instantaneous parameters to extract guided-wave group velocity dispersion characteristics. We conclude that the simulation results reasonably resemble fundamental wave propagation features in the field data and are helpful to interpret field observations.
Theory: Summary of Major Guided Wave Propagation Features
We first define TE and TM modes used in this paper (Fig. 1) . The TE mode is the 'transverse-electric mode with respect to the x-direction, which is the direction of the GPR profile, and can be expressed by the 2D Maxwell's equation with in-plane magnetic field components H x , and H y and out-of-plane electric field component E z such that
where e, l and r are dielectric permittivity, magnetic permeability, and electrical conductivity, respectively; and J sz is an electrical current source function in the z-direction. This case is equivalent to the TM z mode (the transversemagnetic mode with respect to the z-direction) as defined in another convention, for example, by Taflove and Hagness (2000) . Similarly, the TM mode is the transverse magnetic mode with respect to the x-axis that has in-plane electric field and transverse magnetic field expressed by the 2D Maxwell's equation in TM mode such that
where M sz is a magnetic dipole source function in the zdirection. GPR data can be acquired in either a TE or TM mode, as depicted in Fig. 1 . We adopted a right-hand coordinate system with the x-direction as the strike of the GPR profile, the y-direction is vertical and downward, and the z-direction is perpendicular to the plane coinciding with the GPR profile. By using 2D modeling we assume there is no variation in both material properties and electromagnetic fields in the z-direction. Horizontally polarized antennas with the parallel configuration facing each other communicate TE waves (upper panel of Fig. 1) ; whereas horizontally polarized antennas with a serial configuration communicate TM waves (lower panel of Fig. 1 ). As indicated by Annan (1973) , the propagation of radar waves along the interface between two dielectric halfspaces (e.g., air and the ground) can be idealized by four types of propagation (Fig. 2) . Wave A is the fundamental spherical air wave, and propagates through the air at the free-space velocity c; wave B is the counterpart of A in the ground known as the ground wave. If the ground is homogeneous with refractive index, n (n ¼ e), then ground wave B propagates at the velocity of c/n and is n times stronger than the air wave. These two waves are matched at the air-ground interface by two other waves in order to maintain field continuity across the boundary. In air, wave C is an evanescent wave (also known as the inhomogeneous wave) that decays exponentially with height (see Fig. 3 ) and propagates horizontally at the speed c/n to match the ground wave B. In the ground, wave D, known as the head wave Figure 1 . Sketch of TE and TM modes with corresponding antenna orientations. The positive x-direction is that of wave propagation from the transmitter to the receiver, along the GPR profile. The y-axis is vertical downward; and the z-direction is perpendicular to the x-y plane, in accordance with the right-hand-rule.
(also named as surface wave, or lateral wave), propagates downward at the critical angle h c ¼ sin ÿ1 ð1/nÞ with a planar phase front, but with a horizontal velocity of c to match the air wave A. In the near field, waves B and D are indistinguishable. The two waves are well separated with increasing propagation distance into the far field.
The situation can change radically when the ground is layered. Depending on the relative values of refractive index n of each layer, guided modes can propagate in the layers and either vastly extend or vastly limit the range of the ground wave. To illustrate this a thin layer of ice between the free half-space and the half-space of water was simulated with FDTD. Fig. 4 presents the FDTD synthetic wide-angle reflection and refraction (WARR) GPR profile of the E z field for a TE mode generated by a 200-MHz Ricker wavelet recorded along the surface of a 40-cm thick ice layer of an airice-water system. The ice layer has a dielectric constant of 3.17 and the cold, fresh water has a dielectric constant of 87. The profile shows shingling associated with wave mode dispersion and simulates field data presented by Arcone (1984, Fig. 10 ) for a lake ice cover in mid-winter.
GPR Wide-Offset Field Observations
Wide offset GPR surveys were conducted at two sites with path lengths up to tens of meters, and with a quasiinfinite medium to eliminate the reflections that occur from lateral boundaries (e.g., walls) in scale models. The first site is on Fort Richardson, near Anchorage, Alaska, where a surface layer of wet, sandy silt with an average thickness of about 34 cm has a slower speed than the underlying drier strata of sands and gravel (Arcone et al., 2002, in review) . The second site is in Hanover, New Hampshire, where a thin layer of drier, gravelly sand that varies from 16 to 20 cm in thickness overlies sandy silt of glacial Lake Hitchcock. At each site we established a profile test line along which we dug several holes to aid profile interpretation. At the Hanover site we used 400-MHz antennas to acquire wide-angle, variable offset profiles (upper panel of Fig. 5 ) and an 800-MHz antenna set to record reflection profiles (antennas at constant separation, lower panel of Fig. 5 ). The wide-angle profiles allow us to look at the modes propagating in the layer; while the reflection profile allows us to interpret stratigraphic structure of the ground. At Fort Richardson, we acquired a 100-MHz wide-angle reflection and refraction (WARR) profile in TE mode (shown later in Fig. 8a ). At each site our structural studies include documentation of layer depth, general sediment type, water content, and mineralogy in order to determine what attenuation mechanisms may be present. In addition, GPR reflection profiles compensated for the difficulty of complete excavation in order to document near surface layering. Figure 2 . Idealized near-surface, near field propagation paths along the interface of the free space and a dielectric half-space (ground) for a TE mode antenna orientation ((a), modified from Annan, 1973) . S: the location of the TE mode source; A: the wavefront of the air wave; B: the wavefront of the ground wave; C: representation of the inhomogeneous evanescent air wave matching the ground wave B; and D: the wavefront of the head wave (or the so-called lateral wave) in the ground matching the spherical air wave; h c : the critical angle. The snapshot at the time of 25 ns after the firing of the TE source from FDTD simulation (b) clearly shows the different paths illustrated in (a). The modeling was carried out at the interface of the free space and a dielectric half-space with dielectric constant of 3.17 (for freshwater ice). The source is a Ricker wavelet with central frequency of 200 MHz. The fast decay of the evanescent wave C with respect to height above the ground is illustrated in Fig. 3 . Note the reversal of phases between the air wave (leading half-cycle is blue) and the ground wave (leading half-cycle is red).
Numerical Simulations of TE and TM Modes for Field GPR Data
Our numerical simulation algorithm adapts the finite difference time domain (FDTD) method (e.g., Taflove and Hagness, 2000) , based on Yee's original staggered grid (Yee, 1966) , with a perfectly matched layer as the absorption boundary condition to truncate outbound waves (Berenger, 1994) . Based upon the field observations the electromagnetic parameters for soil materials and stratigraphic geometry at the two sites are listed in Table 1 . Since the main concern is the generation and propagation of the guided ground wave caused by the surface layer, sub-strata were simplified as a uniform half-space with constant electromagnetic properties. The conductivity values were measured directly at Fort Richardson (Arcone et al., 2002, in review) and are estimated at Hanover. The quantity h in Table 1 is layer thickness.
For all materials the relative magnetic permeability is equal to unity. We used a central frequency of 400 MHz for the source wavelet for both Hanover and Fort Richardson sites to carry out FDTD simulations in TE and TM modes; and also a 65 MHz source wavelet propagating in TE mode for Fort Richardson for comparison with existing WARR GPR data.
The 400-MHz, variable offset GPR simulated syntheses for the two sites at Hanover, NH and Fort Richardson, AK are shown in Fig. 6 . The time step in the simulation is 0.0667 ns, a value that sufficiently satisfies the Courant stability condition (Taflove and Hagness, 2000) . The total time window is 100 ns. Figs. 6a and 6c present the transverse horizontal electric component E z for the TE mode; while Fig. 6b and 6d present the in-plane, horizontal electric field E x for the TM mode. With similar arrangement, the wave field snapshots for different modes and different geological stratigraphies are shown as Fig. 7 . Each panel contains the snapshot at 13.33 ns elapsed time for the corresponding electric field and magnetic field.
Results and Discussion
When there is total reflection at the interfaces there is no loss of energy other than that due to geometric spreading of the waves, and the propagation is thus modal. This occurs when the upper and lower layers have higher wave speeds than the waveguide layer (e.g., Fort Richardson site). The total reflection occurs at a critical angle h c ¼ sin ÿ1 (n 1 /n m ), where m is either 0 (for air) or 2 (for sub-strata). For the opposite case where n 0 or n 2 is greater than n 1 , transmission occurs through the interface and energy is continually lost during propagation. For example, FDTD simulations predict that a much stronger TE guided ground wave occurs at Fort Richardson site (Fig. 6c ) than at the Hanover site (Fig. 6a) where total reflection does not occur on the bottom interface of the thin layer. For the TM mode, FDTD simulations also predict that a much stronger guided wave travels at a group velocity between that of the air wave and the ground wave, with a relatively low attenuation rate, in the low-velocity thin layer (the Fort Richardson case, Fig. 6d ) than in the Hanover site wave guide (Fig. 6b) . It is clear from Fig. 7 that the TE mode generates more ground waves; whereas the TM model generates more air waves, with a stronger head wave matched in the thin layer, regardless of nearsurface stratigraphic sequence. For the TE mode, at the same elapsed time, the case of sandy layer overlaying silty substrata (Hanover, NH) has a larger propagating range, while the case of a silty layer overlaying gravelly sub-strata has more electric energy being trapped in the surface thin layer.
Where the upper layer is electrically thin (comparable to an in-situ wavelength or shorter) and has a faster speed than the lower sub-strata, such as a drier soil over a wetter soil (e.g., the case in Hanover, NH), or an ice layer over water (Fig. 4) , or a frozen soil over thawed soil, wave energy continually transmits into the lower layer at a rate that can only be predicted by full wave modal theory. Theory and observations Hoeskstra and Delaney, 1974, Arcone et al., 2002, in review) have proved that when the upper thin layer has a slower speed than the sub-strata, modes will propagate at angles beyond the critical angle for both interfaces and the upper thin layer becomes a refractive waveguide, just like an optical fiber. This occurs when a wetter soil overlies a drier soil, or when an unfrozen soil sits on top of permafrost, or bedrock. This is clearly shown by the field observations and FDTD numerical simulation as shown in Fig. 8 . The shingling of the waveforms is clearly associated with dispersive propagation velocity. The numerical simulation (Fig. 8b) qualitatively resembles the observation shown in the field WARR profile. More quantitative analysis to exploit the data for more propagation characteristics using the instantaneous amplitude and the instantaneous frequency (Taner et al., 1979; Barnes, 1991; Liu and Oristaglio, 1998 ) is shown in Fig. 9 . In Fig. 9a the distribution of the instantaneous amplitude is shown as a function of the corresponding instantaneous frequency at the same travel time and location. The distribution should, and does resemble the Fourier transform (FT) results with a central frequency of about 65 MHz. Many more data points are close to the central frequency, which is not so apparent by using the FT method. Direct examination of the waveforms of Fig. 8a shows lower frequency ground wave trains arrive before the higher frequency ones (Arcone et al., 2002, in review) to mark apparent velocity dispersion. Fig. 9b gives a different view of the velocity dispersion phenomenon by plotting the instantaneous amplitude as a function of the instantaneous frequency and the group velocity. This is similar to the technique used by Parra (1994) . The group velocity was inferred from the phase velocity (determined by the phase travel time and receiver location). Though the velocity is obviously dispersive, no clear Airy phase (Arcone, 1984) can be identified based on this analysis. This may possibly be caused by the silty surface layer being too thin, or the bandwidth of the GPR signal being not wide enough. 
Conclusions
Using the Þnite difference time domain technique, we have modeled four cases: a combination of two geology situations (a gravelly sandy half-space overlain by a sandy silt layer, and a sandy silt half-space overlain by gravelly sand half-space) and two transverse modes of antenna radiation (TM and TE). The main conclusions are summarized as follows.
More EM energy is radiated as an air wave for the TM mode, and more EM energy will be sent into the ground for the TE mode, regardless of geological setting (Fig. 6) . Meanwhile, in a geological setting where a lower e gravelly sand half-space is overlain by a higher e sandy silt layer (the case of Fort Richardson), more EM energy will be trapped in the sandy silt layer as a TE mode in the ground wave guide and very little energy will occur as air radiation, when compared with the same radiation mode in the case of a higher e sandy silt half-space overlain by a layer of lower e gravelly sand. For the geological setting of a lower e gravelly sand half-space overlain by a higher e sandy silt layer, the TE mode mainly contains a ground wave and the TM mode mainly contains air wave energy, which is traveling at a phase velocity of c and a lower group velocity, as evidenced by the apparent shingling of the energy arrivals (Fig. 6d) . This implies that for this case a far more complete and long lasting separation of the air wave and the ground wave can be reached.
It appears that for this common case of an electrically thin drier layer over wetter sediments that both TE and The field data were generated by nominally rated ''100-MHz'' antenna, whose ground-loaded value determined from near-field coupling was 65 MHz (after Arcone et al., 2002, in review) . The wave propagation is dispersive with obvious frequency dependency, but no obvious Airy phase can be found. The frequency-velocity-amplitude technique used here follows Parra (1996) . TM waves are highly suppressed when compared with the case of a thin wetter layer over drier and coarser sediments (e.g., Fort Richardson), especially for TM waves. For higher frequency antennas, the guided ground wave modes may propagate better, but then strong attenuation properties (water relaxation and scattering) intrinsic to the layer itself will also become a factor in suppressing the ground modes. These properties will also be a factor for thicker layers, which will offer more path length.
